The interaction between photochemical and biological processes in the degradation of marine dissolved organic matter (DOM) was investigated with seawater from a coastal southeastern U.S. salt marsh. Seawater supplemented with humic substances was exposed to alternating cycles of sunlight (equivalent to 8 h of midday sun) and dark incubations with natural bacterial populations (l-2 weeks in length). Photochemical degradation of the DOM was monitored during sunlight exposure by direct measurements of dissolved inorganic carbon (DIC) and carbon monoxide (CO) formation in 0.2-Frn filtered seawater. Bacterial degradation was monitored during dark incubations by tritiated leucine uptake and changes in bacterial numbers in bacterivore-free incubations and by direct measurements of DOM loss. The alternating cycles of sunlight and microbial activity resulted in more complete degradation of bulk DOM and marine humic substances than was found for nonirradiated controls (i.e. with microbial activity alone) by a factor of up to 3-fold. Increased decomposition was due both to direct losses of carbon gas photoproducts (DIC and CO in a 15 : 1 ratio) and to enhanced microbial degradation of photodegraded DOM, with approximately equal contributions from each pathway. Mass balance calculations indicated that low-molecular-weight carbon photoproducts, currently considered to be the compounds responsible for stimulating bacterial activity following photodegradation of DOM, were insufficient to account for the enhanced bacterial production observed. Thus, higher molecular weight, chemically uncharacterized fractions of DOM may also be modified to more biologically available forms during exposure to natural sunlight.
Photochemical processes play a number of important roles in the biogeochemical cycling of dissolved organic matter (DOM) in natural waters. Water optical properties, biological processes, and trace element distributions have all been demonstrated to be affected, either directly or indirectly, by DOM photoreactions (Kieber et al. 1989; Blough and Zepp 1995; Siegel and Michaels 1996) . Recently, the role of photochemical processes in the decomposition of DOM has received increasing recognition. Several studies have demonstrated that exposure to sunlight degrades larger molecules into smaller photoproducts that are removed from the DOM pool by two routes: through direct volatilization of carbon gases and through rapid microbial consumption of labile photoproducts (Kieber et al. 1990; Mopper et al. 1991; Miller and Zepp 1995; Wetzel et al. 1995; Graneli et al. 1996) .
The gaseous photoproducts of DOM are dominated by carbon monoxide (CO) and dissolved inorganic carbon (DIC). Photochemical formation of CO in surface waters has been studied for some time (Wilson et al. 1970; Conrad et al. 1982; Valentine and Zepp 1993) , and concentrations of CO are known to reach 50 nM in the surface of freshwater Acknowledgments We thank Ed Sheppard and Wenying Ye for excellent technical assistance. Richard Zepp provided valuable suggestions and generous use of his laboratory equipment. Support for this project was provided by the NSF Land Margin Ecosystems Research Program (DEB 94-12089) and by a National Research Council postdoctoral award to W.L.M. systems on sunny days (Schmidt and Conrad 1993) and 6 nM in the open ocean (Conrad et al. 1982; Jones 1991) . Recently, dissolved inorganic carbon (DIC) has also been identified as a direct photodegradation product of natural DOM (Miller and Zepp 1995; Salonen and Vahatalo 1994) , with rates of photochemical formation high enough to partially explain the supersaturation of CO, commonly observed in surface freshwaters (Salonen and Vahatalo 1994; GranCli et al. 1996) .
Biologically available photoproducts of DOM include a number of low-molecular-weight compounds that can be readily assimilated by natural bacterial populations, including formic acid, formaldehyde, acetic acid, acetaldehyde, acetone, propanal, pyruvic acid, citric acid, levulinic acid, glyoxal, methylglyoxal, and glyoxylate (Mopper and Stahovec 1986; Kieber and Mopper 1987; Kieber et al. 1989 Kieber et al. , 1990 Mopper et al. 1991; Wetzel et al. 1995; Moran and Zepp 1997) . Increased secondary production in microbial communities following exposure of natural DOM to sunlight has been well documented (Lindell et al. 1995; Wetzel et al. 1995; Geller 1986 ) and is presumably due to the assimilation of these low-molecular-weight carbon photoproducts. In addition, inorganic nitrogen has recently been identified among the suite of identified DOM photoproducts (Bushaw et al. 1996) . Photochemical degradation of DOM is thus likely to have important effects on the biological productivity of many aquatic ecosystems limited by either carbon or nitrogen availability (Moran and Zepp 1997) .
The relative importance of the two routes of DOM degradation via photochemical mechanisms (i.e. carbon gas formation vs. enhanced microbial consumption) depends on the relative rates of photoproduction of volatile carbon gases and biologically labile compounds. Carbon gases are generally produced at rates many-fold higher than any of the lowmolecular-weight carbon photoproducts. For example, Mopper et al. (1991) found photoproduction rates of carbon monoxide to be 1.5-4.5 times the rate of the combined photoproduction of five low-molecular-weight organic compounds in seawater from the Atlantic Ocean. Similarly, Moran and Zepp (1997) estimated approximately equal photoproduction rates of CO and a broader suite of low-molecular-weight organic molecules (nine compounds) for coastal seawater. DIC is produced at rates -15-fold higher than those measured for CO for both seawater and freshwater (Miller and Zepp 1995) , and high rates of DOC loss and 0, consumption from riverine DOM (presumably from DIC photoproduction) have been measured with little or no accompanying production of biologically labile compounds (Amon and Benner 1996) . Thus, given the current suite of identified DOM photoproducts and the experimental data available, it seems that carbon gas formation (CO plus DIC) is the more important DOM sink, with microbial consumption of biologically available photoproducts of less biogeochemical significance.
Tn this study, microbial consumption of labile photoproducts and carbon gas formation were measured over a 5-week study in which coastal marine DOM was intermittently exposed to simulated sunlight. The relative importance of these two degradation pathways in the decomposition of refractory DOM was then compared quantitatively within a framework relevant to sunlight exposure on the continental shelf of the southeastern U.S. The stimulation in bacterial activity observed for irradiated marine DOM was also evaluated against the expected stimulation given previously measured rates of photoproduction of low-molecular-weight carbon photoproducts in order to evaluate the possibility that higher molecular weight, uncharacterized components of DOM also become more biologically available following exposure to natural sunlight.
Materials and methods
Sample collection and humic substances isolation-Water was collected in polyethylene carboys from a Spartina alternigora salt marsh on Sapelo Island, Georgia. A 30-liter sample was passed sequentially through Whatman GF/F filters and Nuclepore 0.2~p,rn pore-size filters to remove particulates. The sample was then acidified to pH 2.0 with 6 N HCl and subsequently passed at a rate of 120 ml min-' through two 2.2 X 40-cm columns of Amberlite XAD-8 resin (arranged in series) that had been previously cleaned with ether, acetonitrile, and methanol, and rinsed with HCl, NaOH, and deionized water (Aiken 1985; Moran and Hodson 1994) . Humic substances were eluted from the resin with 0.1 N NaOH followed by a distilled water rinse to give a 40-fold concentrate. The concentrate was deionized by passage through a 2.2 X 40-cm column of BioRad AG-MPSO cation-exchange resin. Approximately 200 p,M C liter-l was recovered as humic substances (38% of initial DOC).
To account for the possibility that organic compounds leaching from the resins might alter microbial growth and(or) photochemical reactions in subsequent experiments, 30 liters of low..organic-carbon-content deionized water was also passed through the humic substance extraction procedure as described above. The resulting deionized water concentrate was used in control treatments for both photochemical and biological experiments.
Experimental treatments-Treatments consisted of either the humic substances concentrate or the deionized water concentrate added to 0.2~km filtered marsh water or to artificial seawater made from Sigma Sea Salts (20%0; Sigma). All treatments received additions of 10 FM N and 2 FM P to eliminate inorganic nutrient limitation. The four experimental treatments were identified as seawater plus humic substances (SH), seawater plus the control addition (SC), artificial seawater plus humic substances (AH), and artificial seawater plus the control addition (AC). In the SH treatment, the humic substances addition doubled the natural humic substances concentration; initial DOC concentrations were 695 and 515 @I C in the SH and SC treatments. In the AH treatment, the humic substance addition was equivalent to the natural concentration of humic substances in the original water sample; initial DOC concentrations were 241 and 23 PM in the AH and AC treatments. Based on light absorbance at 350 nm, the SH treatment (with added humic substances) contained 1.6 t .mes more chromophoric dissolved organic matter (CDOM) than did the SC treatment (with the control addition).
Biological degradation phase-Triplicate incubations (1,600 ml vol) of each of the four treatments were established in 2-liter Pyrex flasks. A bacterioplankton inoculum was obtained by filtering whole water through a 0.6-p,rn pore-size Nuclepore filter to remove bacterivores, and then by concentrating the bacterial cells over a 0.2-km pore-size Nuclepore filter. Twenty milliliters of the inoculum was added to each flask, followed by incubation in the dark at 24°C with gentle swilling for 2 weeks.
To track bacterial biomass production during the 2-week incubation, sub$.amples were removed from each flask at intervals for determination of instantaneous rates of 3H-leucine incorporation into bacterial protein (Kirchman et al. 1985) . One-milliliter subsamples were incubated in microcentrifuge tubes with 20 nlvl 3H-leucine for 1 h. Sample processing was carried out as described in Smith and Azam (1993) . An empirical conversion factor for converting leucine uptake into carbon equivalents was calculated in a separate experiment in which 3H-leucine uptake and changes in bacterial biovolume were tracked simultaneously over 24 h (Kirchman and Ducklow 1993) by using 2.2 X 10 I3 g C pm-? to convert cell biomass to carbon (Bratbak and Dundas 1984) . Calculated conversion factors were similar for the SW and SC flasks (535 and 504 g C mol-I), and an average value of 520 g C mol I was used to calculate carbon equivalents in the natural seawatei: treatments. Conversion factors were several-fold lower fclr the AH and AC flasks (151 and 109 g C mol. I), and an ;iverage value of 130 g C mol-I was used in calculations for these treatments.
Bacterial biomass production was also tracked using microscopy to measure changes in bacterial biovolume. Tenmilliliter subsamples were removed from each flask and preserved in 2% borate-buffered formalin at 4°C. To determine biovolume, samples were filtered through 0.2-p,m pore-size blackened Nuclepore filters and stained with acridine orange for viewing with epifluorescence microscopy (Hobbie et al. 1977) . Volume measurements were made on an average of 200 cells per flask using an image analysis system (Microcamp) calibrated with 1.7-~~,rn fluorescent latex beads (Polysciences). Average cell size was multiplied by average cell number to calculate total biovolume, and biovolume measurements were converted to cell carbon by assuming a conversion factor of 2.2 X 10--I" g C pm-3 (Bratbak and Dundas 1984).
Photochemical degradation phase-At the end of the bacterial degradation phase, water samples were filtered through 0.2~pm pore-size Nuclepore filters to remove all bacterial cells. A 200-m] subsample was removed from each flask and stored at 4°C as an unirradiated control. The remainder of the sample was exposed to artificial sunlight in a Suntest CPS 1OOOW solar simulator (DSET Laboratories), which provided full-spectrum irradiation. An Optronic Laboratories OL 740A spectroradiometer with factory calibration for spectral irradiance from 280 to 800 nm was used to examine the spectral quality of the Suntest for comparison to sunlight. Configuration included an OL 740-15 PMT module, a G-03-1200 grating, 2-nm slits, and a fiberoptic probe with teflon diffuser. Comparisons of the spectroradiometer results from the Suntest with those of sunlight measured at noon in Athens, Georgia, in March 1994 indicated very similar spectra. In addition, an International Light (IL1700, SED623 probe) research radiometer was used to provide a broader band comparison between experimental exposures and sunlight. Quartz containers used during sample exposure were calibrated with the UVB actinometer valerophenone [C,H,CO(CH,),CH3] (Aldrich Chemical). A lo-FM valerophenone solution was exposed to irradiation conditions identical to those for natural water samples and its photochemical breakdown rate was measured using a Waters model 590 HPLC with an Applied Biosystems model 757 absorbance detector set at 240 nm. Valerophenone has a quantum yield of 1.0 for the UVB portion of the spectrum (Zepp et al. 1992) . We normalized all DIC and CO photoproduction rates to a spectral irradiance that gives an average valerophenone half-life of 15.2 min and a full-spectrum SED623 reading of 86 m W cm-2. For reference, this value is -1.2 times midday natural sunlight measured at 34"N in January.
Glassware for photochemical studies was acid cleaned (3 d in 3 N HCl) before first use. Before each irradiation, glassware was washed in sequence with water, HPLC grade acetone, and 3 rinses of water. Quartz tubes were oven dried at 110°C. Larger containers were dried with N, gas prior to adding solutions for irradiation.
Two different types of containers were used for exposures. For water samples used in subsequent biological studies, a 1.2-liter, water-thermostated (20°C) glass chamber with a removable quartz optical window contained the sample during exposure (Tarr et al. 1995) . For water samples used to quantify photochemical production of CO and DIC, gas-tight quartz tubes (-25 ml, no headspace) were arranged horizontally on a black holder on the Suntest's exposure tray. Tubes wrapped in aluminum foil and black cloth were also set in the holder as dark controls. Previous work (Valentine and Zepp 1993) has shown that thermal production of CO due to heating of the solutions under the solar simulator is insignificant relative to photochemical production. For the present study, we confirmed this result for DIC formation as well, as dark controls contained no measurable DIC at the end of the incubations. Water samples were exposed to simulated sunlight for the length of time sufficient to bring about -lo-15% loss of absorbance measured at 350 nm (-4 h exposure in the solar simulator or the equivalent of 8 h midday natural sunlight).
Analytical methods-DIC was measured on a Dohrmann DC-85A equipped with a Fuji model 3300 linearized nondispersive infrared (NDIR) detector. Following exposure in the solar simulator, liquid samples were injected directly into a continuously purged phosphoric acid solution (pH 2.1) with gas flow continuing through a water scrubber and into the NDIR detector where DIC was measured by integration of the CO, signal. Standards for DIC analysis were made up in deionized water from ACS certified (Fisher Scientific) sodium carbonate (Na,CO,). Samples for DIC photoproduction experiments were acidified (between pH 2.8 and 3.5) and purged of CO, prior to irradiation to facilitate accurate analysis. Previous work on coastal Georgia seawater indicates that this increases the DIC photoproduction rate by 10% or less (Miller and Zepp 1995) . Large samples irradiated for use in subsequent bacterial studies were not acidified prior to irradiation.
DOC was measured with a Shimadzu TOC-5000 carbon analyzer. Prior to analysis, 40-m] samples were acidified to pH 2 with 50% phosphoric acid and purged of DIC using the TOC-5000's purging station. Standards for DOC analysis were prepared with potassium biphthalate; concentrations ranged from 83 to 1,666 p,M C.
CO was measured using a Trace Analytical RGA3 reduction gas analyzer. The RGA3 isolates CO by using sequential 0.32 X 76.8-cm stainless steel unibeads 1s and molecular sieve 5A columns. A lo-port injection valve allows backflushing of potential interfering gases for increased sensitivity. CO then reacts with HgO to produce Hg vapor that is detected by atomic absorbance. Instrument calibration was performed using a series of calibrated sample loops in conjunction with a 9.50 + 0.14 ppm CO NIST cylinder . A NIST standard curve was generated for CO each day and checked routinely against a NOAA standard CO cylinder (125 ppb). The limit of detection for this instrument is 5 ppb and it gave replicate variation for this study of < 1%. Gas samples from the equilibrated headspace of irradiated water samples were collected at l-or 1.5-h intervals over a 4.5-h irradiation using glass syringes with Teflon plungers (Unimetrics) and were analyzed within 15 min of collection.
Spectral absorbtion was measured on 0.2~km filtered samples using a Shimadzu 160 scanning spectrophotometer with light light m dark dark Fig. 1 . Experimental design for studying effects of alternating biological and photochemical degradation of coastal DOM. The three biological degradation phases lasted 14, 10, and 7 d. Each of the two photochemical degradation phases was equivalent to -8 h of midday sunlight exposure at 34"N latitude. Dark treatments were added at the time of the first sunlight exposure (SHdmk,, SCdark,, AHch,+,, and A&+,) and at the time of the second sunlight exposure WLk:! and SCdark2). Treatments labeled SH and SC contained natural seawater, either with or without humic substance supplements. Treatments AH and AC contained artificial seawater with or without humic substance supplements.
a 5-cm pathlength cell. Absorptivity of the samples at 350 nm (abs,,,,) was calculated as abs,,, = A X 2.303/L, where A is the absorbance of the sample at 350 nm and L is the pathlength in meters (0.05 for our samples). Measurements of pH were made using an Orion Ross 8102 combination electrode calibrated using NBS buffers.
Alternating biological and photochemical degradation-DOM in the water samples was exposed to alternating cycles of biological and photochemical degradation. After the first of each of these phases was completed as described above, a second biological degradation phase was carried out by reinoculating all treatments with a salt marsh bacterial assemblage concentrated from the original water sample, adding additional inorganic nutrients, and incubating samples in the dark at 24°C for an additional 10 d (Fig. 1) . Four new treatments were added at this stage, consisting of subsamples from the original treatments that had been taken through the first bacterial degradation phase but not the photodegradation phase. For these new treatments (SHdnrk,, SCdark,, AHdark,, and ACdark,), bacteria were removed by filtration after the biological degradation and samples were stored in the dark at 4°C during the photodegradation phase; flasks were reinoculated with bacteria at the start of the second biological degradation phase. For SH and SC treatments only, bacteria were again removed by filtration at the end of the second biological degradation phase, and the water samples were reexposed to sunlight in the solar simulator (Fig. 1) . Finally, for the SH and SC treatments only, flasks were reinoculated with salt marsh bacteria and incubated in the dark at 24°C for a final l-week period. Two additional treatments were also added at this stage, consisting of subsamples of SH and SC treatments that were not exposed to the second photodegradation phase (SHdark2, SCdatk2). Quantification of bacterial biomass production, measurement of volatile photoprod- uct formation, and determination of DOC concentration were carried out during all biological and photochemical phases using the methods described above.
Results
Biological dlTgradation-Numbers of bacterial cells and rates of secondary production increased in all treatments during days O-4 c,f the first biological degradation phase (Fig.  2) . Bacterial growth was better in the natural seawater treatment supplemented with humic substances (SH) relative to seawater alone (SC), and likewise in artificial seawater supplemented with. humic substances (AH) relative to artificial seawater alone (AC). Bacterial secondary productivity was very low in the AC treatment, indicating that little or no carbon contamination occurred during the humic substances isolation procedure. After the peak of bacterial secondary productivity ori day 4, both numbers and production rates gradually decreased until day 10 and remained low, indicating that the bulk of the biologically available carbon in the original DOM pool was exhausted by the end of the first incubation. During the :,econd biological degradation phase, significant growth or1 DOM was observed in the treatments that had been exposed to sunlight (SH, SC, and AH), but not in these same samples that had been kept in the dark (SHdnrk,, %Rrkl~ and A&lark I ; Fig. 2 ). Growth again decreased to low levels in all treatments by the end of this incubation. During the third bacterial degradation phase, bacterial activity was once more stimulated in the treatments exposed to sunlight (SH and SC treatments only), but not in those that had been kept in the dark for the second photodegradation phase (SHdn,.kZ and SCdark2). There was no longer any observable differences in bacterial secondary production between the samples supplemented with marine humic substances and those not supplemented.
Photochemical degradation-Rates of photoproduction of DIC and CO were measured in subsamples exposed to artificial sunlight in 25-ml quartz test tubes. Filtered samples exposed to sunlight after the first biological incubation had photoproduction rates in the order SH > SC > AH (Table  1 ). Photoproduction was below the limit of detection for the AC treatment using methods employed here. The order of production directly reflected the light absorption by the: different treatments, with higher absorption correlating with higher photochemical production. Values for abs,,, ati the start of the quartz tube irradiations were 11.7 m-l for 'SH, 7.7 m-l for SC, and 4.2 m-l for AH. When rates of photoproduction of DIC and CO were normalized to abs,,, averaged over the 3.5-h irradiation (rate/avg abs,,,), the photochemical efficiency (i.e. production rate per photon absorbed at 350 nm) was not significantly different between the two natural seawater treatments (t-test, P < 0.05; Table 1 ). The AH treatment, however, had significantly lower efficiencies for the formation of both products.
In all photochemical exposures, there was measurable loss of absorptivity (fading) of up to 14% over the course of the irradiation. Additional experiments were performed to quantify the relationship between loss of CDOM and DIC and CO photoproduction. Quartz tubes were irradiated for various intervals in order to give fading values that bracketed those observed in the 1.2-liter chambers. Strong linear regressions between the loss of absorptivity at 350 nm (Aabs,,,) and the production of both DIC and CO were evident (Fig. 3) .
Carbon mass balance-Carbon loss during each phase in the experiment was summed to estimate total degradation of DOM by both biological and photochemical mechanisms. Instantaneous rates of bacterial secondary production were integrated over the course of the biological incubations and converted to carbon utilization values using empirical conversion factors calculated in this study and assuming a 30% carbon conversion efficiency (i.e. that bacteria incorporate 30% of the carbon they utilize into biomass and respire the remaining 70%) for all treatments. When bacterial carbon utilization was also estimated based on rates of biomass accumulation (by measuring increases in bacterial biovolume and assuming a 30% carbon conversion efficiency), values were similar to those obtained with the instantaneous production approach (averaging 78% of the leucine-based values), except for some SH replicates that appeared to contain protozoan bacterivores.
Direct quantification of photoproduction of DIC and CO in the water samples used in the sequential bacterial and photochemical degradation was not possible because the 1.2-liter glass chambers used for irradiation could not be kept gas-tight during irradiation. Instead, the relationship between Aabs,,, and production of DIC and CO in the sealed quartz tubes was used to estimate photoproduction rates in the large chambers, using the regression equations given in Fig. 3 . Values of Aabs,,,, ranged from 0.6 to 2.0 m-l for the SH, SC, and AH treatments after irradiation in the 1.2-liter chambers (8-14% loss), resulting in estimates of DIC formation ranging from 6.1 to 13.2 l.r,M C and of CO formation from 0.37 to 0.99 ~.LM C (Table 2) .
To calculate the carbon mass balance, we summed bacterial carbon utilization, DIC photoproduction, and CO photoproduction over the repeated cycles of bacterial and photochemical degradation and compared this sum to the measured changes in DOC concentration (Table 3 ). The combination of bacterial and photochemical degradation resulted in 8-13% losses of DOC. Bacterial activity alone, in Table 2 . DIC and CO photoproduction in i.2-liter chambers predicted from Aabs,,,,. Regression equations are given in Fig. 3 . SC parameters wcrc used for prediction of AH photoproducts. (n = 3; standard errors do not include prediction error of the regression,) the absence of any exposure to sunlight (dark treatments in Fig. 2 ), averaged 4% losses of DOC. Because most or all of the labile DOC present in the original water sample was exhausted during the first biological degradation phase and there was very low bacterial activity in nonirradiated controls ( Fig. 2) , bacterial growth during the second and third biological phases can essentially be attributed to photochemically mediated changes in the lability of the DOC. In the SH treatment, bacterial utilization of photochemically modified DOC during the second and third biological degradation phases resulted in the loss of 28 p,M C, while formation of volatile carbon gases (sum of both photodegradation phases) was 22 ~J,LM C. In the SC treatment, the corresponding photochemically modified DOC losses and carbon gas losses were 23 and 21 FM C. 
Discussion
Alternating cycles of light exposure and microbial degradation resulted in more complete degradation of DOM in coastal seawater than did microbial degradation alone. The enhancement in degradation resulted from both photoproduction of carbon gases and from photochemical alteration of DOM into cc,mpounds more readily consumed by marine bacteria. The importance of both routes of DOM degradation has been recognized previously (Kieber et al. 1989; Mopper et al. 1991; Lindell et al. 1995; Wetzel et al. 1995) , although there has been little opportunity to obtain direct quantitative comparisons of the two pocesses. The amount of exposure to solar radiation in this study (equivalent to 16 h of midday summer sun over a 5-week period) is approximately equal to the exposure expected for DOM during an equivalent period on the inner shelf of the southeastern U.S. [calculated assuming a 26-m average water depth (Atkinson and Menzel 1985) , a 2-m average photic zone for photochemically active wavelengths, 8 n of midday sun per day, 20% average cloud cover, and a fully mixed water column]. Given this exposure regime, DOC losses from carbon gas formation and microbial consumption of labile photoproducts were approximately equal, suggesting that both processes may be important in the degradation of refractory DOM in coastal systems. This study further demonstrates that the synergism between biological and photochemical degradation is a continuous process, and that short and intermittent exposures to sunlight can repeatedly stimulate bacterial degradation of coastal DOM. Consequently, the rate at which photochemical reactions condition DOM in the surface waters may ultimately control the rate of biological consumption of the more refractory composents of the DOM pool.
DIC was found previously to be produced at rates about 15 times greater than any other photochemical breakdown product of DOM identified to date (Miller and Zepp 1995) , and rates measured in this study are consistent with that finding (Fig. 4) . DIC accounted for up to 94% of the direct carbon loss as volatile products and 33% of the total carbon loss via photochemical plus biological mechanisms. The high rate of photoproduction of DIC relative to CO is consistent with other studies that have identified production of CO, by photochemical decarboxylation as an important photoreaction for soil fulvic acids (Chen et al. 1978 ) and for 01-keto acids and cx-keto esters (Leersmakers and Vesley 1963) ; photochemical decarboxylation would also explain decreases of carboxyl groups observed in irradiated humic substances (Miles and Brezonik 1981) .
Previous work also suggests that photoproduction rates for low-molecular-weight carbonyl compounds are approximately equal to rates of CO photoproduction (Mopper et al. 199 1; Moran and Zepp 1997) and lo-to 20-fold less than DIC photoproduction. If these estimates are accurate, then <2 p,M of the -25 FM carbon loss in the natural seawater treatments during the second and third biological degradation phases (i.e. the sunlight-stimulated bacterial degradation of DOM) is attributable to these low-molecular-weight photoproducts, with 90% or more of the biological activity occurring at the expense of unidentified DOM photoproducts. At least some fraction of the excess bacterial activity is likely attributable to low-molecular-weight carbonyl compounds that have not yet been identified. Another potential source of bacterial substrates, however, is higher molecular weight compounds and humic substances that have been modified by exposure to sunlight although not transformed into small, chemically identifiable compounds. Changes in optical properties during the biological degradation phases support the hypothesis that larger molecules are being utilized by bacteria after exposure to sunlight. While no measurable change in abs,,, was found during the first biological degradation phase, suggesting no decrease in the concentration of CDOM, a 4% decrease in abs,,O was observed during the second biological degradation phase. Thus, exposure of coastal DOM to sunlight may result in greater bacterial degradation of the high-molecular-weight, light-absorbing components of the DOM pool.
When normalized to optical properties (i.e. Aabs&, rates of DIC and CO photoproduction were remarkably consistent among treatments, a relationship that allowed the use of Aabs,,, to calculate photoproduction of carbon gases in the non-gastight containers. From a broader perspective, however, this robust relationship also has important implications for the estimation of DOM photoreactions in other natural waters, because it provides a mechanism for estimating reaction rates using only data for water optical properties and solar irradiance. Remotely sensed ocean color, assuming robust algorithms for retrieval of the CDOM spectra, or shipboard analyses of absorptivity may allow quantification of observed regional differences in photochemical reactivity (e.g. Zafiriou and Dister 1991) .
More complete information on the interaction between biological and photochemical pocesses in the degradation of DOM may be important for understanding the fate of terrestrial DOM in the ocean, a poorly known aspect of the oceanic carbon cycle. Both chemical analyses of oceanic DOM (Meyers-Schulte and Hedges 1986; Williams and Druffel 1987; Hedges 1992) and modeling approaches (Smith and Hollibaugh 1993) point to an important sink of terrestrial DOM in coastal or shelf environments, yet biological degradation alone seems unable to account for this loss (Moran and Hodson 1994) . This study provides evidence that short, intermittent exposures to sunlight can mediate significant losses of DOM from coastal environments on relatively short time scales, both through direct loss of volatile carbon photoproducts and through repeated stimulation of biological degradation of organic matter mixed into the photic zone. Large areas of photochemically faded surface water have been recently identified in both the North Atlantic Bight (Vodacek et al. 1996) and oligotrophic waters in the North Atlantic (Siegel and Michaels 1996) , indicating the potential for natural sunlight to significantly affect properties of coastal DOM. Continental shelves are likely to be important sites for these photochemically driven processes, particularly where inputs of terrestrial and estuarine DOM are high and light penetrates well into the water column.
